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Abstract 

Background  Resistance to pemetrexed (PEM), a rare chemotherapeutic agent that can efficiently cross the blood-
brain barrier, limits the therapeutic efficacy for patients with lung cancer brain metastasis (BM). Aldo-keto reductase 
family 1 B10 (AKR1B10) was recently found to be elevated in lung cancer BM. The link between AKR1B10 and BM-
acquired PEM is unknown.

Methods  PEM drug-sensitivity was assessed in the preclinical BM model of PC9 lung adenocarcinoma cells 
and the BM cells with or without AKR1B10 interference in vitro and in vivo. Metabolic reprogramming of BM attrib-
uted to AKR1B10 was identified by chromatography-mass spectrometry (GC-MS) metabolomics, and the mechanism 
of how AKR1B10 mediates PEM chemoresistance via a way of modified metabolism was revealed by RNA sequencing 
as well as further molecular biology experimental approaches.

Results  The lung cancer brain metastatic subpopulation cells (PC9-BrM3) exhibited significant resistance to PEM 
and silencing AKR1B10 in PC9-BrM3 increased the PEM sensitivity in vitro and in vivo. Metabolic profiling revealed 
that AKR1B10 prominently facilitated the Warburg metabolism characterized by the overproduction of lactate. Gly-
colysis regulated by AKR1B10 is vital for the resistance to PEM. In mechanism, AKR1B10 promoted glycolysis by regu-
lating the expression of lactate dehydrogenase (LDHA) and the increased lactate, acts as a precursor that stimulates 
histone lactylation (H4K12la), activated the transcription of CCNB1 and accelerated the DNA replication and cell cycle.

Conclusions  Our finding demonstrates that AKR1B10/glycolysis/H4K12la/CCNB1 promotes acquired PEM chem-
oresistance in lung cancer BM, providing novel strategies to sensitize PEM response in the treatment of lung cancer 
patients suffering from BM.
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Introduction
Brain metastasis (BM) is a malignant event leading to 
poor prognosis in non-small cell lung cancer (NSCLC) 
patients; the limited treatment modalities and poor treat-
ment outcomes are the main factors contributing to its 
poor prognosis (median survival: 4–6 months) [1, 2]. The 
current common treatment strategy for BM is a combina-
tion of applicable options including surgery, radiotherapy, 
chemotherapy, molecular targeted therapy and anti-angi-
ogenic therapy [3]. Pemetrexed (PEM)-platinum, remains 
the first-line chemotherapy in patients with metastatic 
NSCLC [4]. Particularly, PEM has shown a greater abil-
ity to penetrate the blood-brain barrier (BBB) among 
chemotherapy agents, indicating a powerful potential in 
the treatment of BM. However, the response rate is not as 
effective as expected in BM populations [5–7]. Therefore, 
it’s important to investigate the intrinsic mechanisms 
that contribute to the unfavorable response to PEM in 
metastatic tumor cells.

Aldo-keto reductase family 1 B10 (AKR1B10) is a 
member of the aldo-keto reductase superfamily. Under 
physiological conditions, it is mainly expressed in the 
intestinal system and exerts a cyto-detoxification effect 
as a reductase to protect cells from carbonyl damage 
[8]. In the last decade, the prominent role of AKR1B10 
in malignancies has received widespread attention [9]. 
Increasing evidences have indicated that AKR1B10 takes 
part in the acquirement of chemo-resistance in sev-
eral cancers, including hepatocellular carcinoma(HCC) 
[10–12], gastrointestinal cancer [13] and lung cancer [12, 
14]. Noteworthy, AKR1B10 has been demonstrated to be 
significantly overexpressed in a lung cancer cell line with 
high BM potential and NSCLC patients with BM in our 
previous work [15]. However, whether there is any asso-
ciation between elevated AKR1B10 expression and poor 
PEM drug response in lung cancer BM is unknown.

In this study, we found that brain metastatic lung 
cancer cells develop significant resistance to PEM and 
AKR1B10 plays a vital role in this acquirement of PEM 
resistance. By conducting concomitant metabolomics 
and RNA-sequencing study in BM cells with or with-
out AKR1B10 genetic silence, we further revealed the 
underlying mechanism that AKR1B10 facilitates the 
Warburg metabolism by regulating the transcription of 
LDHA, and the resulting increase in lactate induces the 
transcriptional activation of the  cell-cycle related gene 
CCNB1 through lactate-dependent histone modification, 
leading to the acquired PEM resistance.

Materials and methods
Cells and reagents
The human lung cancer cell line PC9 was purchased 
from the Chinese Academy of Medical Sciences (Beijing, 

China). The highly brain metastatic derivative (PC9-
BrM3) was constructed by planting the parental cells 
PC9 into immunodeficient mice in a way of left ventric-
ular injection and metastatic cells were extracted from 
harvested brain metastases; these injection-isolation-
expansion cycling operations were repeated three times 
as previously indicated [15]. All cells were routinely cul-
tured in Roswell Park Memorial Institute medium-1640 
(RPMI1640) supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin and streptomycin (all these 
reagents were obtained from Gibco, Invitrogen, Inc, Cali-
fornia, USA) and maintained in a humidified atmosphere 
with 5% CO2 at 37 °C. Pemetrexed Disodium (MB1183), 
2-Deoxy-d-glucose (2-DG, MB5453) were purchased 
from Meilunbio (Dalian, China), Sodium lactate (L7022) 
was purchased from MERCK (Germany).

Cell viability and colony formation assay
Cell viability was measured by Cell Counting Kit-8 
(K1018, ApexBio, Houston, USA) following the manu-
facturer’s instructions. For colony formation, cells were 
harvested and seeded in 6-well plates at a density of 1000 
cells per well. After 10-days culture, cell colonies were 
fixed with 4% paraformaldehyde (P1110, Solarbio, Bei-
jing, China) for 10 min and stained with 1% crystal violet 
(G1062, Solarbio, Beijing, China) for 20 min.

Analysis of cell apoptosis
Cell apoptosis was assessed by flow cytometry. Briefly, 
cells were labeled by Annexin V-APC and 7-AAD dual 
staining according to the manufacturer’s instructions 
(E-CK-A218, Elabscience, Wuhan, China). Subsequently 
labeled cells were collected and analyzed using a flow 
cytometer (AccuriC6, BD Biosciences).

RNA interference (RNAi) and plasmid design 
and transfection
The AKR1B10-targeting shRNA and its negative control 
shRNA (shNC) constructed in the LV2 lentiviral vec-
tor, and lentiviral particles expressing luciferase infused 
shRNA were packaged in 293T cells (GenePharma, 
Suzhou, China). The sequences of shRNAs were 5’-CAC​
GCA​TTG​TTG​AGA​ACA​T-3’(sh1) and 5’-GTG​CCT​
ATG​TCT​ATC​AGA​A-3’ (sh2). The target sequences of 
AKR1B10 plasmid were referred to its genetic sequence 
in the PubMed (https://​www.​ncbi.​nlm.​nih.​gov/​gene). 
Transfection was carried out as directed by the manufac-
turer. The knockdown or overexpression efficiency was 
validated by western blot analysis.

Western blot analysis
Cell proteins were extracted by RIPA lysis buffer (Mei-
lunbio, Dalian, China) containing a protease inhibitor 
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cocktail and a phosphatase inhibitor cocktail (Sigma, 
USA). The concentration of protein was assessed using 
the BCA assay kit (Thermo Fisher Scientific Inc., USA). 
Protein lysates were then separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred onto nitrocellulose membranes (Milli-
pore, Billerica, USA). The membranes were blocked and 
then incubated with primary antibodies against AKR1B10 
(1:2000; ab192865, Abcam, UK), LDHA(1:2000, ab53488, 
Abcam, UK), PI3K (1:1000 dilution; #4257, Cell Signal-
ing Technology, USA), phospho-PI3K (1:1000 dilution; 
#17,366, Cell Signaling Technology, USA), AKT (1:1000 
dilution; #13,038, Cell Signaling Technology, USA), 
phospho-AKT (1:1000 dilution; #4060, Cell Signaling 
Technology, USA), histone lactylation (Lactyl-Histone 
Antibody Sampler Kit, 1:2000, PTM-7093, PTM Bio, 
China) and β-actin (1:10,000; 66009-1-Ig, Proteintech, 
USA). After washing with 0.05% Tris-buffered saline/
Tween-20 (TBST), the corresponding secondary anti-
bodies conjugated with horseradish peroxidase (1:5000; 
Proteintech, USA) were further used. The ECL western 
blotting substrate (Tanon, China) was used to analyze 
the chemiluminescence of the blots. Protein expression 
was quantified by Image J software (National Institutes of 
Health, USA).

Animal studies
This work was approved by the Animal Ethics Review 
Committee of Dalian Medical University (No.00122773). 
Female BALB-c-nu mice (4–6 weeks) were purchased 
from the Beijing Vital River Laboratory Animal Technol-
ogy Co. Ltd., China. After anesthetizing with 2.5% Tri-
bromoethanol (5  mg/kg body weight; Sigma, Missouri, 
USA), 100,000 PC9-BrM3 cells with or without AKR1B10 
knockdown (shAKR1B10 or shNC) in 3 µL PBS were 
injected into the cerebrum of each mouse by using a 
stereotactic machine as previously described [16]. Brain 
colonization was monitored in  vivo by bioluminescence 
imaging (BLI) weekly. Briefly, mice were anesthetized 
and injected intraperitoneally with D-Luciferin (150 mg/
kg body weight; Promega, Wisconsin, USA), images were 
acquired using an IVIS Spectrum Xenogen machine 
(PerkinElmer, Massachusetts, USA). The Living Image 
software (version 2.50) was used to analyze the biolu-
minescence images. Pemetrexed disodium administra-
tion (n = 3, 100 mg/kg, once every 5 days, intraperitoneal 
injection) was initiated after confirmation of colonization 
and the brain metastases was monitored in  vivo by BLI 
weekly for 4 weeks.

Metabolomics analysis
GC-MS-based cell metabolic profiling was performed 
similarly as previously described [17, 18]. In brief, cells 

were harvested with 1 mL of methanol/water solution 
(4:1, v/v) and the lysates was subsequently lyophilized. 
The lyophilized samples were treated with oximation and 
silylation reactions before GC-MS analysis. Quality-con-
trol (QC) samples were prepared and pretreated as the 
samples. GC-MS analysis was performed using a GCMS-
QP2010 plus system (Shimadzu, Kyoto, Japan) coupled 
with a DB-5 MS fused-silica capillary column (30  m × 
0.25  mm × 0.25  μm, Agilent Technologies, Palo Alto, 
CA). 1 µL of samples was injected with a split ratio of 
1:20. The linear velocity of carrier gas (Helium, 99.9995%, 
China) was set at 40 cm/s. The oven temperature was kept 
at 80  °C for 1 min and raised to 210  °C at increment of 
30 °C/min, then to 320 °C at increment of 20 °C/min and 
kept for 4 min. An electron ionization source (EI, 70 eV) 
was used for ionization. The data acquisition started at 
2.92  min with the mass scan range of 50–600  m/z and 
the event time of 0.2 s. The temperatures of the inlet, the 
transfer line and the ion source were 320, 300 and 230 °C, 
respectively. ChromTOF 4.43 (LECO, Saint Joseph, USA) 
and GC−MS browser (Shimadzu, Kyoto, Japan) software 
were used to identify and quantify the metabolic features. 
The intensity of metabolic features was normalized to the 
total peak areas of raw data from cell samples. Five-six 
replicates were set for each group as biological replicates.

Measurement of pyruvate and lactate
Pyruvic Acid Colorimetric Assay Kit (E-BC-K130-M, 
Elabscience, Wuhan, China) and L-Lactic Acid Colori-
metric Assay Kit (E-BC-K044-M, Elabscience, Wuhan, 
China) were used to assess the level of pyruvate and lac-
tate in cell lysates as directed by manufacturer’s instruc-
tions. Data were standardized by the corresponding 
protein concentration which was determined by BCA 
assay kit.

RNA‑sequencing analysis
This work was supported by the Novogene (Beijing, 
China) Co. Ltd. The main experimental procedures of 
RNA-sequencing analysis, which include RNA quanti-
fication and qualification, library preparation for tran-
scriptome sequencing trypsin digestion, clustering and 
sequencing and data analysis, are presented in the Sup-
plementary methods in detail.

Quantitative‑polymerase chain reaction (q‑PCR)
Total RNA was extracted using the Trizol® reagent 
(Transgen biotech, China) and quantitated at OD260nm. 
Total RNA (1.0 µg) was treated with RNase-free DNase I 
and reverse-transcribed into cDNA using random prim-
ers and Superscript II® retrotranscriptase (Transgen bio-
tech, China). The resulting cDNAs were mixed with the 
SYBR PCR master mix (Transgen biotech, China) and 
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run on the StepOnePlus Applied Biosystems Realtime 
PCR machine (Roche, Swiss). One cycle of a denaturing 
step (3  min at 95  °C) was applied, which was followed 
by 40 cycles of amplification (12 s at 95 °C, 30s at 62 °C 
and 30s at 72 °C), with fluorescence measured during the 
extension. Primers used in this study are as follows:
GAPDH 5′-CAT​GAG​AAG​TAT​GAC​AAC​AGCCT-3′ 

(forward);
5′-AGT​CCT​TCC​ACG​ATA​CCA​AAGT-3′(reverse);
LDHA 5′-AAG​CGG​TTG​CAA​TCT​GGA​TT-3′(forward);
5′-GAG​ACA​CCA​GCA​ACA​TTC​ATTCC-3′(reverse);
LDHB5′-GCT​GCC​ATG​GAT​GGA​TTT​TG-3′(forward);
5′-CCA​TCT​TAT​GCA​CTT​CCT​TCCAA-3′(reverse);
CCNB1 5 ′ - A A G ​A G C ​A A G ​C A G ​T C A ​G A C​

CA-3′(forward).
5′-TTC​TTA​GCC​AGG​TGC​TGC​ATA-3′(reverse);
C DK 1 5 ′ - C T G ​G G G ​T C A ​G C T ​C G T ​T A C​

TC-3′(forward).
5′-TCC​ACT​TCT​GGC​CAC​ACT​TC-3′(reverse);
R AD 2 1 5 ′ - T G C ​T T C ​A T G ​G T C ​T T C ​A G C​

GT-3′(forward);
5′-GCT​GTA​GAA​CTT​TGC​GGC​AG-3′(reverse).
The relative quantification value of mRNA expression 

was calculated using the comparative CT (ΔΔCT) method 
and Step-OnePlus software v2.0.1 (Applied Biosystems, 
USA) with GAPDH as an internal control.

Clinical tissue specimens
Tissue specimens were harvested from the Second Hos-
pital of Dalian Medical University. Written informed 
consent was obtained from all participants. This study 
was approved by the Ethics Review Committee of the 
Second Hospital of Dalian Medical University.

Immunohistochemistry (lHC)
 Briefly, paraffin tissue sections (3  μm) were dewaxed, 
hydrated, and incubated with 3% H202 in methanol and 
subjected to antigen retrieval by TE buffer or sodium 
citrate. The sections were blocked with 5% goat serum, 
probed overnight with primary antibodies for anti-
AKR1B10 antibody (1:500, Abcam, ab192865) and 
anti-LDHA antibody (1:2000, Abcam, ab52488). Tissue 
sections were reacted with biotinylated secondary anti-
bodies and detected by the Streptavidin. Peroxidase lHC 
assay kit and diaminobenzidine (DAB). Two independent 
pathologists evaluated the immunostaining in a blinded 
fashion and performed the scoring. Immunohistochemi-
cal staining was quantified by the immunoreactive scores 
(IRS) of Remmele and Stegner [19].

Analysis of cell cycle
Cell cycle was assessed by flow cytometry. Briefly, 
cells were labeled by propidium (PI) staining accord-
ing to the manufacturer’s instructions (C1052, Beyo-
time, China). Subsequently labeled cells were collected 
and analyzed using a Flow Cytometer (AccuriC6, BD 
Biosciences).

Histone extraction
Histone was extracted by using histone extraction kit 
(ab113476, Abcam, UK) according to the manufacturer’s 
instructions.

Chromatin immunoprecipitation (ChIP)
ChIP analysis was performed using the ChIP kit (#53,040, 
Active-Motif, USA) as per the manufacturing guidelines. 
Chromatin extracts containing DNA fragments were 
immunoprecipitated with 6 ug of monoclonal anti-L-
Lactyl-Histone H4 (Lys12) Rabbit mAb antibody (PTM-
1411RM, PTM bio, China) or normal IgG (as a control). 
The primers used for the qPCR analysis in this study are 
listed in Additional file 1: Table S1.

Statistical analysis
For cell metabolomics, the unsupervised principal com-
ponent analysis (PCA) model with unit variance (UV) 
scaling was analyzed by SIMCA 14.1 (Umetrics, Umea, 
Sweden) to explore metabolic differences of inter-group. 
Univariate analysis was performed by the Mann–Whit-
ney  U test and false discovery rate (FDR) correction 
[20] using the MeV software package (version 4.8.1). 
The metabolites with p-value < 0.05 and FDR < 0.15 were 
defined as significantly changed and displayed in the heat 
map using the MeV software package (version 4.8.1). 
On the basis of the significantly differential metabolites, 
pathway analysis was operated on MetaboAnalyst web-
site (http://​www.​metab​oanal​yst.​ca) to find the signifi-
cantly differential pathways [21].

For RNA-sequencing, differential expression analy-
sis was performed using the DESeq2 R package (1.20.0) 
where genes with an adjusted p-value < 0.05 found by 
DESeq2 were assigned as differentially expressed, and 
ClusterProfiler R package was used for Gene Ontology 
(GO) and KEGG enrichment analysis [22, 23]. The codes 
reference resource was provided in the Additional file 2: 
Table S2.

GraphPad Prism software 8.0 was used for statisti-
cal analysis. Quantitative data are presented as mean 
(± standard deviation) values from at least 3 independ-
ent experiments. Differences between two groups were 
assessed using the t-test. The correlation between 

http://www.metaboanalyst.ca
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AKR1B10 and LDHA staining scores in tissue samples 
was assessed using the Spearman’s rank correlation test.

Results
Highly brain metastatic lung cancer cells achieved 
prominent resistance to PEM
The highly brain metastatic lung cancer cells PC9-BrM3, 
which were derived from the parental PC9 cells and 
exhibited high propensity for BM, were established by us 
in previous work [15]. We evaluated the PEM drug sensi-
tivity in PC9 and its highly brain metastatic subpopula-
tion PC9-BrM3 by treating these two groups of cells with 
pemetrexed disodium. The results of cell viability assay 
and colony formation assay indicated significant PEM 
resistance of the highly brain metastatic PC9-BrM3 com-
pared with the parental PC9 group (Fig. 1A, B). Annexin-
V assay showed that the apoptotic cells induced by PEM 
were significantly decreased in PC9-BrM3 (Fig.  1C), 
revealing similar trends to those observed in the cell via-
bility and colony formation assays. Together, the results 

indicated significant PEM chemotherapeutic resistance 
of the brain metastatic lung cancer cells, suggesting that 
the intrinsic acquired alterations in brain metastatic cells 
are the main cause of poor chemotherapy outcomes.

Suppression of AKR1B10 attenuated PEM‑chemoresistance 
of BM cells in vitro and in vivo
Since our previous work had found that AKR1B10 was 
significantly elevated either in PC9-BrM3 cells or in tis-
sue and serum samples of NSCLC patients with BM, we 
verified the potential association between up-regulated 
AKR1B10 protein expression and the observed acquired 
drug resistance of brain metastatic cells. AKR1B10 was 
silenced with two different shRNAs (sh1 and sh2) in PC9-
BrM3 cells (Fig. 2A) and the PEM sensitivities were then 
evaluated in vitro and in vivo.

The results of cell viability assays, clonogenicity assays 
and cell apoptosis assays were similar and all indicated 
that suppression of AKR1B10 significantly enhanced 
the response of PC9-BrM3 to PEM (Fig.  2B–D). We 

Fig. 1  Highly brain metastatic lung cancer cells achieved prominent resistance to PEM. A PC9 and PC9-BrM3 cells were treated with different doses 
of PEM for 72 h and CCK-8 assays were performed to determine their viability. B Survival of PC9 and PC9-BrM3 cells after treatment with certain 
concentrations of PEM (0, 20, 40 nM) and the results of clonogenic assays showing the treatment effect. Pixel density quantification of clonogenic 
assays is shown as histogram. C Flow cytometry analysis of PC9 and PC9-BrM3 cells treated with PEM (20 nM) for 24 h. (n = 3, **p < 0.01, ***p < 0.001)
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further confirmed the effect of AKR1B10 on the PEM 
therapeutic response in  vivo. PC9-BrM3 cells with or 
without AKR1B10 knockdown (BrM3-shAKR1B10 or 
BrM3-shNC) were implanted into nude mice by intrac-
ranial injection respectively. Once the tumor mass was 
confirmed, mice were administered with PEM weekly. 
The regular BLI analysis showed a consistent result 
with in vitro assays that BrM3-shAKR1B10 was remark-
ably sensitive to PEM than BrM3-shNC cells in  vivo 
(Fig. 2E). Collectively, these data indicated that inhibition 
of AKR1B10 rendered the brain metastatic cells more 
responsive to PEM.

Metabolic profiling revealed that AKR1B10 significantly 
augmented the Warburg effect
Increasing studies have given solid evidence that enzy-
matic protein alter organism phenotype by repro-
gramming cellular metabolism [24, 25]. To explore the 
endogenous metabolic changes brought by AKR1B10 
in brain metastatic cells, we performed metabolomics 
in PC9-BrM3 cells with or without AKR1B10 silence 
(BrM3-shNC/shAKR1B10), and parental PC9 cells with 
or without AKR1B10 overexpression and its parental 
cells (PC9-NC/OE). A typical total ion chromatogram 
of cell metabolic profile was presented (Additional file 5: 
Fig. 1A). And 83.2 and 91.3% of features in QC samples 
had the relative standard deviation (RSD) distributions 
less than 20 and 30%, respectively (Additional file  5: 
Fig. 1B), demonstrating a good data quality of the work. 
The unsupervised PCA model displayed significantly 
different global changes in metabolic profile in each cell 
group (Fig. 3A, B), indicating a metabolic shifting caused 
by AKR1B10. Univariate analysis revealed different 
metabolites either in PC9-OE cells compared with PC9-
NC cells, or in BrM3- shAKR1B10 cells compared with 
BrM3-shNC cells (Fig.  3C, Additional file  3: Table  S3). 
We found that the levels of lactate, the end product of 
glycolysis, were accompanied by changes in AKR1B10. 
To reveal the metabolic disturbance by AKR1B10, we 
analyzed the differential metabolic pathway and listed 
the enriched KEGG pathways by mapping the different 
metabolites between PC9-OE and PC9-NC cell groups 
(Fig. 3D, E). The results indicated that AKR1B10 signifi-
cantly influenced the Warburg effect (aerobic glycolysis) 
in tumor cells. To visualize the influence on the Warburg 
effect caused by AKR1B10, the changes of differential 
products (glucose, phosphoenolpyruvate, pyruvate, lac-
tate) involved in the glycolytic pathway were displayed 
respectively (Fig.  3F), indicating a hyperactive Warburg 
effect in lung cancer cells with AKR1B10 overexpressed. 
We further verified the intracellular levels of pyruvate 
and lactate by kits and the results were consistent with 

Fig. 2  Suppression of AKR1B10 attenuated PEM-chemoresistance 
of BM cells in vitro and in vivo. A Western blotting showing 
the AKR1B10 knockdown efficiencies in PC9-BrM3 cells. 
B Indicated AKR1B10 knockdown PC9-BrM3 cells were treated 
with different doses of PEM for 72 h and CCK-8 assays were 
performed to determine their viability. C Results of clonogenic 
assays showing cell survival of the AKR1B10 knockdown PC9-BrM3 
cells after treatment with certain concentrations of PEM (0, 20, 40 
nM). Pixel density quantification of clonogenic assays is shown 
as histogram. D Flow cytometry analysis of AKR1B10 knockdown 
PC9-BrM3 cells treated with PEM (20 nM) for 24 h. E Heat map image 
representations of bioluminescence intensity for representative 
mice from the indicated groups of the therapy response experiment. 
Nude mice were implanted with PC9-BrM3 cells with or without 
AKR1B10 knockdown (105 cells/mouse) by intracranial injection. 
PEM Treatments (n = 3, 100 mg/kg, once a week, i.p.) were 
initiated at the 3th week. Bioluminescence intensity in the same 
bioluminescence heat map range was measured every week. Plot 
of mean bioluminescence readings for control and treatment group 
mice; the standard error is indicated for each imaging point. (n = 3, 
**p < 0.01, **p < 0.0001, Ctrl, control PC9-BrM3 cells; shNC, PC9-BrM3 
cells transfected with negative control shRNA; sh1, PC9-BrM3 cells 
transfected with AKR1B10-targeted shRNA vector 1; sh2, PC9-BrM3 
cells transfected with AKR1B10-targeted shRNA vector 2; shAKR1B10, 
PC9-BrM3 cells transfected with AKR1B10-targeted shRNA vector 1)
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the metabolomics (Fig. 3G, H). In general, these data sug-
gested that AKR1B10 remarkably facilitates the Warburg 
effect in lung cancer BM cells.

AKR1B10‑mediated PEM resistance is dependent 
on the enhanced effects on anaerobic glycolysis
Warburg effect has been regarded as a hallmark of can-
cer that can promotes tumor initiation and drug resist-
ance [26, 27]. We investigated whether the glycolysis 
is essential for the AKR1B10-mediated obtainment of 
PEM resistance in lung cancer BM cells. By using gly-
colysis inhibitors 2-Deoxy-d-glucose(2-DG) in combi-
nation with PEM, we found that the glycolytic inhibitor 
2-DG reduced the PEM resistance of BrM3 cells without 
AKR1B10 silence (BrM3-shNC), as the same effect as 
AKR1B10 silence (Fig. 4A–C). Importantly, the increased 
drug resistance in PC9 cells brought by AKR1B10 over-
expression (PC9-OE) was significantly abolished with 
2-DG treatment (Fig.  4D–F), evidenced by cell viability 
assays, clonogenicity assays and cell apoptosis assays. 
Collectively, these results suggested that the Warburg 
effect is involved in the regulation of PEM resistance by 
AKR1B10.

RNA‑seq identified that AKR1B10 facilitates the Warburg 
metabolism by regulating the expression of LDHA
To reveal the underlying mechanism that AKR1B10 
facilitates the Warburg metabolism, we employed RNA-
seq in PC9-BrM3 cells with or without AKR1B10 silence 
(BrM3-shNC/shAKR1B10). The Pearson correlation 
coefficient analysis indicated good reproducibility of 
RNA-seq data (Additional file 5: Fig. S2A). We used the 
absolute values of log2FoldChange > 0.5 and padj < 0.05 as 
the screening criteria to identify differential genes, and 
then mapped and enriched the downregulated differen-
tial genes in KEGG pathways. The pathway of pyruvate 
metabolism, which contains the glycolytic metabolism 
from pyruvate to lactate, was found enriched in BrM3-
shAKR1B10 group compared with BrM3-shNC (Fig. 5A), 
and the exact differential genes enriched in the pyru-
vate metabolism were lactate dehydrogenases (LDHA, 
LDHB) (Fig.  5B), of which LDHA has a higher affinity 
for pyruvate, facilitating glycolytic process by prefer-
entially converting pyruvate to lactate [28]. qPCR and 

western blotting verified that AKR1B10 silence leads 
to the downregulation of LDHA while overexpression 
of AKR1B10 caused the increased LDHA (Fig.  5C, D), 
revealing the mechanism on the regulation of AKR1B10 
on the Warburg metabolism. Also, AKR1B10 displayed a 
similar regulatory effect on LDHB (Additional file 5: Fig. 
S2C). To demonstrate that the AKR1B10-LDHA regu-
latory axis is the main pathway of AKR1B10-enhanced 
glycolysis, we further administered GSK2837808A, a 
potent and selective LDHA inhibitor, in PC9 cells over-
expressing AKR1B10 (PC9-OE) and then assess the cel-
lular lactate level, the results showed that GSK2837808A 
remarkably attenuated the increased lactate level caused 
by AKR1B10 overexpression in PC9 cells (Fig. 5E). Stain-
ing of brain tumors isolated from mice after intracra-
nial injection also verified that the expression of LDHA 
was significantly decreased in BrM3-shAKR1B10 group, 
compared with BrM3-shNC group (Fig.  5F). We fur-
ther collected the metastasectomy surgical specimens 
from lung cancer BM patients (n = 29) and assessed the 
correlation between AKR1B10 and LDHA expression 
by IHC staining, the data showed a significant positive 
correlation between AKR1B10 and LDHA (Fig.  5G, H), 
indicating the existence of AKR1B10-LDHA regulatory 
axis in lung cancer BM. According to the staining results, 
we categorised patients with AKR1B10 expression IRS 
score ≥ 6 as the high expression group (n = 20) while 
patients with AKR1B10 expression IRS score < 6 (n = 9) 
as the low expression group, and performed the sur-
vival analysis which showed that those patients with high 
AKR1B10 expression had a shorter overall survival (OS) 
(Additional file  5: Fig. S2D). Besides, phosphoinositide 
3-kinase (PI3K) pathway, a key link modulates the mul-
tidrug resistance of cancers [29], was also enriched in the 
BrM3-shAKR1B10 group compared with BrM3-shNC 
(Fig. 5A, Additional file 5: Fig. S2B). Since a recent study 
notably defined the association between glycolysis and 
PI3K pathway that glycolysis constantly enhanced PI3K 
pathway to control T cell immunity [30], we confirmed 
the effects of glycolysis on PI3K in BrM3 cells by treat-
ing the cells with 2-DG. The results of western blotting 
showed that inhibition of glycolysis resulted in the signif-
icant suppression of PI3K pathway (Additional file 5: Fig. 
S2E). To summarize, the results suggested that AKR1B10 

Fig. 3  Metabolic profiling revealed that AKR1B10 significantly augmented the Warburg effect. A The PCA score scatter plot with UV scaling 
of PC9-OE and PC9-NC cells. R2X = 0.529, Q2 = 0.208. B The PCA score scatter plot with UV scaling of BrM3-shAKR1B10 and BrM3-shNC cells. 
R2X = 0.515, Q2 = 0.0448. C Heat map of focused differential annotated metabolites either in PC9-OE cells compared with PC9-NC cells, 
or in BrM3- shAKR1B10 cells compared with BrM3-shNC cells. D, E The differential metabolic pathway (D) and enriched KEGG pathways (E) 
in PC9-OE cells compared with PC9-NC cells. F The fold changes of glucose, phosphoenolpyruvate, pyruvate and lactate in PC9-OE cells 
compared with PC9-NC cells. G, H Cellular concentrations of pyruvate (G) and lactate (H) in indicted groups. (n = 3, **p < 0.01, ***p < 0.001, 
****p < 0.0001, PC9-NC, PC9 transfected with negative control plasmid; PC9-OE, PC9 transfected with AKR1B10 plasmid. shNC, PC9-BrM3 cells 
transfected with negative control shRNA; sh1, PC9-BrM3 cells transfected with AKR1B10-targeted shRNA vector 1; sh2, PC9-BrM3 cells transfected 
with AKR1B10-targeted shRNA vector 2; shAKR1B10, PC9-BrM3 cells transfected with AKR1B10-targeted shRNA vector 1)

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  AKR1B10-mediated PEM resistance is dependent on the enhanced effects on anaerobic glycolysis. A, D Indicated cells were treated 
with different doses of PEM with or without 2-DG (2.5 mM) for 72 h and CCK-8 assays were performed to determine their viability. B, E Results 
of clonogenic assays showing cell survival of the indicated cells after treatment with PEM (20 nM) with or without 2-DG (2.5 mM). Pixel density 
quantification of clonogenic assays is shown as histogram. C, F Flow cytometry analysis of the indicated cells after treatment with PEM (20 nM) 
with or without 2-DG (2.5 mM) for 24 h. (n = 3, *p < 0.05, **p < 0.01, ****p < 0.0001, PC9-NC, PC9 transfected with negative control plasmid; PC9-OE, 
PC9 transfected with AKR1B10 plasmid. shNC, PC9-BrM3 cells transfected with negative control shRNA; shAKR1B10, PC9-BrM3 cells transfected 
with AKR1B10-targeted shRNA vector 1)
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promotes the production of lactate by increasing the 
LDHA expression.

Accumulated lactate boosts transcriptional activation 
of cell cycle‑related gene CCNB1 by histone lactylation
PEM is a cell cycle-specific antimetabolite drug which 
exerts antitumor effect mainly by interfering with the 
folic acid metabolic pathway during cell replication, and 
the results of RNA-seq showed that AKR1B10 knock-
down exhibited the most significant effect on tumor cell 
cycle and DNA replication (Fig.  5A, Additional file  5: 
Fig. S2B); these suggested the potential mechanism that 
AKR1B10-increased lactate might promote chemoresist-
ance in BM cells by regulating the cell cycle. Hence, we 
further explored the effects of LDHA-lactate on the cell 
cycle by examining and comparing the cell cycle progres-
sion of PC9 cells, PC9 cells with AKR1B10 overexpres-
sion or lactate exogenous supplementation (treatment 
with sodium lactate, 50mM for 24  h), BrM3 cells and 
BrM3 cells with AKR1B10 knockdown or LDHA inhib-
ited (treatment with GSK2837808A, 10 µM for 24 h). The 
results of cell sorting analysis showed that both AKR1B10 
overexpression and lactate supplementation in PC9 facil-
itated the cell cycle and DNA replication evidenced with 
the significant increased cell fraction in S stages (Fig. 6A). 

Fig. 5  RNA-seq identified that AKR1B10 facilitates the Warburg 
metabolism by regulating the expression of glycolytic 
enzymes. A KEGG pathways enrichment analysis of downregulated 
differential genes. B Volcano plot shows the differential genes 
and the downregulated genes LDHA and LDHB were annotated. 
C, D The results of qPCR (C) and western blotting (D) indicating 
the mRNA and protein levels of LDHA in indicated cells, n = 3. 
E Cellular concentrations of lactate in indicted groups, n = 3. F IHC 
staining of AKR1B10 and LDHA in brain tumors isolated from mice 
after intracranial injection with BrM3-shNC or BrM3-shAKR1B10 
cells. Scar bar, 100 µM. n = 3. G Representative images of AKR1B10 
and LDHA staining in the metastasectomy surgical specimens 
from lung cancer BM patients. Scar bar, 100 µM. H Scatter diagram 
showing the correlation between the IRS scores of AKR1B10 
and LDHA in surgical samples of 29 lung cancer patients with brain 
metastasis. (*p < 0.05, ***p < 0.001, ****p < 0.0001, PC9-NC, PC9 
transfected with negative control plasmid; PC9-OE, PC9 transfected 
with AKR1B10 plasmid; shNC, PC9-BrM3 cells transfected 
with negative control shRNA; sh1, PC9-BrM3 cells transfected 
with AKR1B10-targeted shRNA vector 1; sh2, PC9-BrM3 cells 
transfected with AKR1B10-targeted shRNA vector 2; shAKR1B10, 
PC9-BrM3 cells transfected with AKR1B10-targeted shRNA vector 1)

Fig. 6  Accumulated lactate boosts transcriptional activation of cell cycle-related gene CCNB1 by histone lactylation. A, B Cell cycle assessed 
by flow cytometry assays in indicated cells. C The results of qPCR indicating the mRNA of CCNB1, CDK1, RAD21 in indicated cells. D, E Histone 
of indicated cells were extracted and the level of H4K12la was detected by western blotting. The level of Histone H3 serves as control. F ChIP 
assay to detect histone lactylation level in CCNB1 promoters in PC9-BrM3 cells. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, group 
#1, PC9 transfected with negative control plasmid; group #2, PC9 transfected with AKR1B10 plasmid; group #3, PC9 transfected with negative 
control plasmid and treated with sodium lactate 50 mM for 24 h; group #4, PC9-BrM3 cells transfected with negative control shRNA; group #5, 
PC9-BrM3 cells transfected with AKR1B10-targeted shRNA vector; group #6, PC9-BrM3 cells transfected with negative control shRNA and treated 
with GSK2837808A 10µM for 24 h)

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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Consistently, silence of AKR1B10, as well as LDHA inhi-
bition, caused significant cell cycle arrest in BM cells 
(Fig.  6B). These data indicated that AKR1B10-LDHA-
lactate accelerates DNA replication and cell cycle in BM 
cells, suggesting the mechanism by which AKR1B10 
mediates the PEM acquired drug-resistance in BM cells.

To further determine the regulation mechanism of lac-
tate on cell cycle, we assessed the transcriptional level 
of CCNB1, CDK1, RAD21 (three top cell-cycle related 
genes that  were downregulated along with AKR1B10 
silence indicated by RNA-seq). The results of qPCR 
showed that among these three AKR1B10-regulating 
genes, only the transcription of CCNB1 was regulated by 
lactate levels (either lactate supplementation or LDHA 
inhibition, Fig.  6C), indicating that AKR1B10 derived 
lactate regulates cell cycle by activating transcription of 
CCNB1. Given the latest studies reporting lactate as a 
modulator of gene transcription through histone lactyla-
tion [31], we assessed the changes in lactylation in PC9 
cells and BM cells. Western blot analysis showed that the 
global lactylation levels in BM cells, as well as PC9 cells 
treated with exogenous sodium lactate, were dramati-
cally elevated compared with parental PC9 cells, and a 
predominant band appeared near 15  kDa, which may 
represent histone (Additional file 5: Fig. S3). Several com-
mon histone lactylation sites were further detected, and 
the results showed that, as similar as the change trends 
of cell cycle and transcription of CCNB1, the lactylation 
level of histone H4K12 (H4K12la) was increased in PC9 
cells with AKR1B10 overexpression or lactate exogenous 
supplementation compared with PC9 cells (Fig.  6D), or 
decreased in BrM3 cells with AKR1B10 knockdown or 
LDHA inhibition compared with BrM3 cells (Fig.  6E). 
Subsequent ChIP assay using anti-H4K12la antibody 
was carried out to confirm that AKR1B10 induced his-
tone lactylation in CCNB1 promoter in BM cells (Fig. 6F). 
Taken together, these data revealed the mechanism that 
enriched lactate by AKR1B10 promotes transcriptional 
activation of the  cell cycle-related gene CCNB1 by his-
tone lactylation.

Discussion
BM is the leading cause of poor prognosis in NSCLC 
patients. Pemetrexed is one of the preferred agents for 
non-squamous NSCLC with BM [32, 33]; however, it dis-
plays limited therapeutic efficacy against BM due to drug 
resistance and the blood–brain barrier (BBB). Recent 
studies have shown that impaired BBB allows tumor cells 
to invade the brain parenchyma and form brain metasta-
ses [15, 34], which also means the barrier that prevents 
the entry of drugs is broken, supporting the possibility 
that intrinsic reprogramming of metastatic cells takes 
an essential part in the development of chemoresistance. 

In the present work, we used the previously constructed 
highly brain metastatic lung cancer cells (PC9-BrM3) 
and confirmed the acquired resistance of brain meta-
static cells to PEM compared to it parental PC9 cells, 
which gives a reasonable explanation for the poor clini-
cal response to chemotherapy in BM populations. Hence, 
it’s necessary to explore the intrinsic factors causing the 
altered drug sensitivity of BM.

AKR1B10 is a member of the AR superfamily and has 
been identified as a novel protein in human hepatocellu-
lar carcinoma (HCC) [35]. In our recent study, we dem-
onstrated for the first time that AKR1B10, a protein that 
has been reported to be associated with drug resistance 
in a variety of primary tumors, is significantly elevated in 
PC9-BrM3 cells and NSCLC BM patients [15]. Here we 
found that suppression of AKR1B10 significantly attenu-
ated the acquired PEM resistance in PC9-BrM3 cells, 
suggesting that AKR1B10 plays an important role in 
mediating the PEM resistance in BM.

Metabolic reprogramming is a hallmark of malignancy. 
Recent work has demonstrated the complexity of meta-
bolic reprogramming in tumor metastasis, where the 
metabolic properties and preferences of tumors alter 
during cancer progression, which produces different 
tumor characteristics, such as acquisition of drug resist-
ance, between primary and metastatic cancers [36]. Our 
previous research employed metabolomics in lung cancer 
BM subpopulations (PC9-BrMs) and its parental PC9, 
revealing a greatly altered metabolic profile of BM cells 
[17]. In the course of these recognitions, we propose that 
metabolic reprogramming contributes to acquired drug 
resistance in BM. By profiling the metabolism alterna-
tions brought by AKR1B10, we confirmed that AKR1B10 
promotes the PEM resistance by facilitating the War-
burg effect (aerobic glycolysis). It is worth mentioning 
that the effect of AKR1B10 on tumor metabolic repro-
gramming displays significant heterogeneity. In breast 
cancer, AKR1B10High tumor cells, which are associated 
with an increased incidence of lung metastatic relapse, 
are characterized with reduced glycolytic capacity and 
dependency on glucose as fuel source but increased uti-
lisation of fatty acid oxidation (FAO) [37]. Similarly, a 
recent study claimed that Fidarestat induces glycolysis 
of NK cells through decreasing AKR1B10 expression to 
inhibit hepatocellular carcinoma progression, especially 
lung metastasis [38]. Here we identified an opposing 
role of AKR1B10 in lung cancer derived brain meta-
static cells that AKR1B10 presents a facilitative effect on 
anaerobic glycolysis. We speculate that there are differ-
ences in AKR1B10 related regulatory metabolic mecha-
nisms in different tumors and cell types, as AKR1B10 has 
long been regarded to exhibit distinct effects in a vari-
ety of tumors [11, 39–42]. For lung and liver, which are 
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characterized by a high level of oxidative stress and cre-
ate a challenging microenvironment for metastatic tumor 
cells due to the high concentrations of oxygen and expo-
sure to toxic compounds, increased AKR1B10 activity 
could serve to protect tumor cells from oxidative stress-
induced damage which impairs the FAO metabolism [43, 
44], leading to the a rebalancing of cellular metabolism 
in glycolysis and fatty acids. Brain microenvironment, 
which is characterized by presence of BBB and high oxy-
gen and glucose demands, shows a high level of speci-
ficity compared with other organs. It is  reasonable that 
tumor cells adapt different metabolic reprogramming 
in the face of different metastatic microenvironments. 
The metabolic regulatory heterogeneity of AKR1B10 for 
different tumors and in the face of specific metastatic 
microenvironments deserves to be further explored in 
future studies.

The Warburg effect is considered a metabolic hallmark 
in malignant tumors. It refers to the metabolic shift that 
tumor cells preferentially convert glucose to pyruvate 
(followed by lactate formation) rather than oxidative 
phosphorylation to meet the energy requirements under 
physiological oxygen conditions. It is characterized the 
accumulation of lactate which is the end product of glyc-
olysis. The accumulated lactate is thought to drive tumor 
development, on the one hand, lactate leads to tumor 
acidosis which synergistically promotes tumor progress 
and resistance to antineoplastic drugs [45], on the other 
hand, the non-metabolic functions of lactate have been 

highlighted recently that lactate-derived lactylation 
of protein lysine residues (Kla) serves as an epigenetic 
modification to facilitate tumor malignant behaviors [31, 
46, 47]. Lactylation, a post-translational modification 
originally reported in 2019 [31], has recently received 
increased attention in various disease researches. Up to 
now, studies on Kla have concentrated on both histone 
and non-histone proteins [48]. Histone Kla has been 
shown to facilitate the development of tumors. For exam-
ple, Yu et al. reported that histone Kla drives tumorigen-
esis by promoting the expression of the m(6)A reading 
protein YTHDF2 in ocular melanoma [46]; Yang J et al. 
found that histone Kla promotes the progression of clear 
cell renal cell carcinoma through activation of platelet-
derived growth factor receptor beta (PDGFRβ) transcrip-
tion [49]; Jiang et al. confirmed that histone Kla regulates 
the expressions of a series of glycolysis-related enzymes 
and modulates cellular metabolism in non-small cell lung 
cancer [50]. Here we demonstrated that the enriched 
lactate promotes transcriptional activation of cell cycle-
related gene CCNB1 by histone lactylation (H4K12la) 
in lung cancer brain metastatic cells, supporting that 
histone lactylation also plays an important role in the 
acquirement of chemoresistance.

The level of LDHA, which is the key enzyme converting 
pyruvate to lactate, reflects the ability of malignant cells 
to metabolize pyruvate to lactate. Here we identified that 
AKR1B10 regulates the transcription of LDHA, clarifying 
the mechanism that AKR1B10 enhances the glycolysis 

Fig. 7  Illustration of the potential mechanisms by which AKR1B10 induces PEM chemotherapeutic resistance in lung cancer brain metastasis. In 
brain metastatic lung cancer cells, elevated AKR1B10 promotes glycolysis through upregulating the expression of LDHA and the resulting increased 
lactate induces transcriptional activation of the cell cycle-related gene CCNB1 by histone lactylation, leading to the chemotherapeutic resistance 
to PEM.
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metabolism in BM cells. Besides, we found that AKR1B10 
also has an impact on the expression of LDHB. LDHA 
and LDHB are shown to jointly  be involved in mediat-
ing the bidirectional conversion of pyruvate and lactate. 
LDHA has a higher affinity for pyruvate, preferentially 
converting pyruvate to lactate whereas LDHB possess a 
higher affinity for lactate, preferentially converting lac-
tate to pyruvate [51]. Since this work determined that 
high levels of AKR1B10 promote the expression of both 
LDHA and LDHB, it could be explained that in the case 
of LDHA activation by AKR1B10, the substrate pyruvate 
remained in a state of significant accumulation accompa-
nied with the high expression of AKR1B10, indicating a 
hyperactive state in the bidirectional conversion of pyru-
vate and lactate.

Conclusions
In summary, the present study reveals that elevated 
AKR1B10 enhances glycolysis through regulation of 
LDHA and the resulting elevated lactate promotes 
transcriptional activation of the  cell cycle-related gene 
CCNB1 by histone lactylation, inhibiting the susceptibil-
ity of lung cancer BM cells to PEM (Fig. 7). These findings 
outline the importance of AKR1B10 in the BM resistance 
to tumor therapy via a way of metabolic reprogramming 
and epigenetic modification, providing new strategies to 
overcome chemotherapy resistance in lung cancer BM.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12967-​023-​04403-0.

Additional file 1: Table S1. The primers used for qPCR analysis.

Additional file 2: Table S2. The codes reference resource for R packages.

Additional file 3: Table S3. Differential metabolites identified by 
metabolomics.

Additional file 4: Table S4. The quantitative source data.

Additional file 5: Fig. S1. Metabolic profiling analysis in indicated cells. 
(A) A typical total ion chromatogram of metabolic profiling. (B) The 
RSD distribution of metabolic features in QC samples. Fig. S2. RNA-seq 
analysis in indicated cells. (A) The Pearson correlation coefficient analysis 
of RNA-seq data. (B) KEGG pathway enrichment analysis of RNA-seq. The 
numbers on the bars represent the differential genes involved. (C) The 
results of qPCR indicating the mRNA levels of LDHB in indicated cells. (D) 
Survival analysis of lung cancer BM patients with high (n=20) or low (n=9) 
AKR1B10 expression. (E) The results of western blotting indicating the pro-
tein levels of PI3K pathway in BrM3 cells, with or without AKR1B10 knock-
down, or with 2-DG (2.5mM) treatment. p-PI3K, phosphorylated; T-PI3K, 
total PI3K; p-AKT, phosphorylated AKT; T-AKT, total AKT. (n=3, *p<0.05, 
**p<0.01, PC9-NC, PC9 transfected with negative control plasmid; PC9-OE, 
PC9 transfected with AKR1B10 plasmid; shNC, PC9-BrM3 cells transfected 
with negative control shRNA; sh1, PC9-BrM3 cells transfected with 
AKR1B10-targeted shRNA vector 1; sh2, PC9-BrM3 cells transfected with 
AKR1B10-targeted shRNA vector 2; shAKR1B10, PC9-BrM3 cells transfected 
with AKR1B10-targeted shRNA vector 1). Fig. S3. Accumulated lactate 
increased the global lactylation levels. Western blot analysis showed that 
the global lactylation levels in parental PC9 cells, BrM cells, as well as PC9 
cells treated with exogenous sodium lactate (Nala) for 24h.
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